Background: In Lao People's Democratic Republic (PDR), tuberculosis (TB) prevalence was estimated at 540/100,000 in 2011. Nevertheless, little is known about the genetic characteristics and anti-TB drug resistance of the Mycobacterium tuberculosis population. The main objective of this work was to study the genetic characteristics and drug resistance of M. tuberculosis population collected during the first National TB Prevalence Survey (TBPS) of Lao PDR (2010-2011).
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Conclusions: The EAI family, the ancient and endemic family in Asia, is predominant in Lao PDR whereas the prevalence of Beijing, the most harmful M. tuberculosis family for humans, is still low, differently from neighboring countries. However, its association with drug resistance, its presence in young patients and its potential association with recent transmission suggest that the Beijing family could change TB epidemiological pattern in Lao PDR. Therefore, efficient TB control and surveillance systems must be maintained and reinforced to prevent the emergence of highly transmissible and drug-resistant strains in Lao PDR, as observed in neighboring countries.
Keywords: Molecular epidemiology, Mycobacterium tuberculosis family, Drug-resistant tuberculosis, Lao PDR Background Tuberculosis (TB) remains a major public health problem. Although the number of TB deaths fell by 22% between 2000 and 2015, TB still was one of the top 10 causes of death worldwide in 2015 [1] , with an estimated 10.4 million of new TB cases worldwide. Six countries account for 60% of all new cases (India, Indonesia, China, Nigeria, Pakistan and South Africa) and more than half of these cases were in Asia. The emergence of drug-resistance is a global issue for TB control. In 2015, the number of new cases of multidrug-resistant TB (MDR-TB) was estimated at 480000, with an additional 100,000 people with rifampicin (RIF)-resistant TB who are eligible for MDR-TB treatment. India, China and the Russian Federation accounted for 45% of all these cases. In Southeast Asian countries, TB is one of the top ten communicable diseases with an increasing emergence of MDR-TB and extensively drugresistant TB (XDR-TB) [2] .
Lao People's democratic Republic (PDR) (population of 6.8 million in 2015) is not among the high TB burden countries. However, this landlocked country is surrounded by China, Myanmar, Cambodia, Vietnam and Thailand that are among the 30 high TB burden countries in the world. The National Tuberculosis Control Program (NTCP) of Lao PDR started the Directly Observed Treatment Short course (DOTS) strategy in 1995 with the support of the Damien Foundation Belgium (DFB) and the World Health Organization (WHO). After the first national TB prevalence survey (2010-2011), WHO re-estimated the prevalence of all TB forms at 540/100,000, 1.9 times higher than previous estimates [3] . Moreover, little is known about anti-TB drug resistance. The only available cross-sectional study (n = 87 TB isolates) conducted in three hospitals in 2010 showed that 8% of isolates were resistant to isoniazid (INH) and 1.2% caused XDR-TB [4] . Similarly, the M. tuberculosis population in Lao PDR is still unknown. Many studies have reported that the Beijing and East African-Indian (EAI) families are predominant in Asian countries [5] [6] [7] [8] [9] [10] . In Vietnam, the Beijing family is currently invading the country and is more likely to be drug resistant than the EAI family [10, 11] . In this context, the main objective was to study the genetic characteristics and drug resistance of M. tuberculosis population collected during the first National TB Prevalence Survey of Lao PDR (2010-2011) in order to better understand the M. tuberculosis population structure and the TB epidemiology in this country. The specific objectives were: a) to characterize using different molecular methods M. tuberculosis isolates collected during the first national survey; b) to describe the spatial distribution of families and drug resistance; c) to explore the link between genetic diversity and demographical data; d) to estimate the clustering rate according to the M. tuberculosis families and drug resistant patterns.
Methods

Study population
The TB isolates used in this study were collected during the first national TB prevalence survey in Lao PDR (July 2010-December 2011). The survey design and sample size were determined according to the WHO recommendations and has been described in Law et al. (2015) . During this survey that covered the 17 provinces of Lao PDR (organized in three main regions, North (1-9), Center (10) (11) (12) (13) and South (14-17), see Fig. 1 ), at least one sputum specimen was collected from 6290 (99.1%) of the 6346 participants suspected to have TB on the basis of clinical data (chronic cough and/or hemoptysis and/or chest X-ray abnormalities). Finally, TB was confirmed in 237 participants, according to the study case definition [3] . Among these 237 patients, 94 had at least one smear-positive sputum and culture-confirmed M. tuberculosis (definite cases), 13 had at least one smear-positive sputum and chest X-ray (CXR) findings suggestive of TB with negative culture (probable cases), and 130 had smear-negative but culture-positive specimens. In summary, the presence of M. tuberculosis was confirmed by culture in 224 isolates and 222 isolates of these isolates (corresponding to 222 different patients) could be included in this study. The collected sputum specimens were decontaminated with 4% sodium hydroxide and then they were inoculated on two slopes of solid Kudoh-modified Ogawa medium without centrifugation [12] . All subcultures were sent by the National Tuberculosis Reference Laboratory (NRL) to the Center of Infectiology Lao-Christophe Mérieux (CILM) for species identification and genetic characterization. Colonies were scraped from the medium slopes and resuspended in 300 μL of distilled water, heated at 95°C for 20 min, and centrifuged at 13000 g for 5 min. Then, the DNA-containing supernatant was transferred into a new tube and stored at − 80°C. The patients' demographic, epidemiologic, and clinical data were collected using a questionnaire, including residence, sex, age, TB history, TB symptoms, and CXR findings.
Mycobacterium tuberculosis complex identification and drug resistance testing
The GenoType® MTBDRplus test (Hain Lifescience GmbH), a DNA STRIP®-based technology, was used according to the manufacturer's instructions to identify the M. tuberculosis complex and resistance to RIF and/ or INH [13] .
Spacer oligonucleotide typing (spoligotyping)
Spoligotyping (the classical 43-spacer format) was performed as previously described [14, 15] . DNA samples of the M. tuberculosis H37Rv and Mycobacterium bovis BCG strains were included as positive controls. Molecular biology-grade water was used as a negative control. The spoligotypes were then recorded in 43-digit binary format and compared with those recorded in the SpolDB4 database (http://www.pasteur-guadeloupe.fr:8081/ SITVIT_ON-LINE/) to identify the Spoligotype International Type (SIT) and family [16] . For the spoligotypes that matched the SITs, but could not be related to any family (i.e., unknown), and figure) for the spoligotypes that were not present in the SpolDB4 database (i.e., orphan), the SPOTCLUST program, which was built from the spolDB3 database (http://tbinsight.cs.rpi. edu/run_spotclust.html) [17] , was used to search for M. tuberculosis family similarity. In the SPOTCLUST analyses, the family assignation was retained when the probability was ≥90%. Nevertheless, the final designation of families and subfamilies was also based on the MIRU-VNTR data (see below).
Mycobacterial interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) typing
MIRU-VNTR typing was performed as previously described [18, 19] and the full set of 24 MIRU-VNTR loci was used for isolate characterization. The patterns obtained for the 24 loci were used to create a 24-digit allelic profile for each isolate. The MIRU-VNTR typing results were analyzed using MIRU-VNTRplus (http:// www.miru-vntrplus.org), a freely accessible web-based program [20] . A Neighbor-Joining (NJ) tree based on categorical distances was built by combining the spoligotyping and MIRU-VNTR results.
The final designation of family/subfamily was revised using the MIRU-VNTRplus website (MIRU-VNTRplus.org) based on the family results for each isolate and the MIRU-VNTR/spoligotyping phylogenetic tree.
Data analysis
A cluster was defined as two or more isolates with identical genotype by spoligotyping and MIRU-VNTR typing. Recent transmission was estimated by calculating the clustering rate as follows: CR = (nc-c)/n, where CR is the clustering rate, nc is the total number of clustered isolates, c is the total number of clusters, and n is the total number of isolates [21] . The patients' age was shown as median and interquartile range (IQR). Associations between M. tuberculosis families, patient data and overall drug resistance status were assessed using the Chisquare or Fisher's exact test; when the sample size was lower than 5. The statistical analysis was not performed for RIF and INH resistance independently due to the small number of resistant isolates. A P-value < 0.05 was considered statistically significant. Statistical analyses were done using Stata (v12.1, Stata Corporation, USA).
Results
M. tuberculosis complex identification and epidemiological data
The GenoType® MTBDRplus test allowed confirming that the 222 isolates included in the study belonged to the M. tuberculosis complex. The patients' median age was 56 years (IQR: 40-68), with a men to women ratio of 2:1. Patients were mainly from rural areas (83.3% vs 16.7% from urban areas), and the number of M. tuberculosis isolates across the 17 provinces varied from 0 to 34 (mean number = 13) ( Fig. 1 and Additional file 2: Table S1 ).
Characterization of anti-TB drug resistance (GenoType® MTBDRplus test)
Analysis of the RIF and INH resistance profile of 222 isolates with the GenoType® MTBDRplus test showed that 209 isolates (94.1%) were sensitive to both drugs, 11 (5%) were resistant only to INH, and 2 (0.9%) were resistant to both INH and RIF (MDR-TB). Among the 13 INH-resistant isolates, 10 (76.9%) had mutations in the katG gene (S315 T in all isolates) and 3 (23.1%) had mutations in inhA promoter region (C15T in two isolates and T8C in one). The two RIF-resistant isolates carried the D516V mutation in rpoB gene.
Identification of the M. tuberculosis families/subfamilies
Spoligotyping and 24-locus MIRU-VNTR typing were performed on 206 of the 222 isolates ( Table 1 , Additional file 1: Figure S1 ). The M. tuberculosis family/subfamily identifications were determined using SITVITWEB (SpolDB4 database), SPOTCLUST and MIRU-VNTRplus. The patterns of four isolates reflected either clonal variants (with double alleles at a single MIRU-VNTR locus) or mixed infections (with double alleles at two MIRU-VNTR loci) [22] (Additional file 2: Table S1 ). These four isolates were removed from the analysis to avoid incorrect designation. The other 202 isolates had 58 different spoligotype profiles among which 41 spoligotypes were unique and 17 patterns allowed the clustering of 161 isolates. Each cluster contained 2 to 40 isolates (average = 9). Moreover, 165 isolates (81.68% of 202) were assigned to 29 SITs and seven families present in the SpoIDB4 database; two (1.0%) were unknown; and 35 (17.3%) were orphans. The 35 orphan and the two unknown isolates were then compared using SPOTCLUST. Finally, isolates could be classified in seven M. tuberculosis families and ten subfamilies ( Table 1) . EAI was the predominant family (76.7%, n = 155 isolates), followed by Beijing (14.4%, n = 29) and T (5.5%, n = 11). Five isolates (2.5%) belonged to other families, such as Haarlem (H), Central Asian Strain (CAS), Latin American-Mediterranean (LAM), and Manu. Only one orphan and one unknown isolate could not be identified. Within the EAI family, the most frequent subfamily was EAI5 (53.0%, n = 107), followed by EAI1-SOM (8.9%, n = 18) and EAI2-Nonthaburi (6.4%, n = 13) ( Table 1 ). The subfamily EAI4-VNM, which is found specifically in Vietnam, was poorly represented in our sampled strains (4.5%, n = 9) ( Table 1 ). In the southern provinces (N. [14] [15] [16] [17] where only the EAI family was represented (Fig. 1) , the EAI5 subfamily was the most common (65.4%, n = 34), followed by EAI1-SOM (19.2%, n = 10), whereas EAI4-VNM was absent. Unlike the EAI family, which was present in all regions of Lao PDR, the Beijing family was predominantly observed in the northern (58.6%, One isolate with double allele on ETRA and one isolate with double allele on QUB26 were removed from the analysis c One isolate with double allele on ETRA was removed from the analysis d One isolate with hybridization for all 43 spacers + double alleles on ETRA and Mtub29 was removed from the analysis n = 17) and central provinces (41.4%, n = 12), and was absent in the southern provinces (Fig. 1) .
The distribution of the M. tuberculosis EAI and Beijing families varies according to age, geographical origin and drug-resistance
The M. tuberculosis family (EAI or Beijing) distribution in the three age groups (15-34, 35-64, and ≥ 65 years of age) was significantly different (p = 0.002, Table 2 ). Specifically, the percentage of Beijing family was higher in the "15-34" group compared to EAI (34.5%, 10/29 vs 10.3%, 16/155), and the percentage of EAI family higher in the "35-64" group compared to Beijing (54.8%, 85/ 155 vs 34.5%, 10/29). Their geographical distribution also was significantly different (p = 0.001, Table 2 ). In the North and Center, the percentage of Beijing isolates was higher than that of EAI isolates (58.6 and 41.4% vs 37.4 and 29.0% respectively), whereas the Beijing family was not observed in the South. Similarly, drug-resistance was higher in the Beijing than EAI family (p = 0.03): 17.2% (5/29) of Beijing isolates were resistant to RIF and/or INH compared with 5.2% (8/155) of EAI isolates. Conversely, the proportion of Beijing and EAI isolates was not significantly different when patients were divided according to sex and strata (urban versus rural) ( Table 2) .
24-locus MIRU-VNTR typing and cluster analysis 24-locus MIRU-VNTR patterns
The 206 isolates that underwent spoligotyping were also typed by 24-locus MIRU-VNTR typing. In 182 isolates (88.4%), all 24 loci could be amplified, whereas in 24 (11.7%) at least one locus could not be amplified (repeated three times). ETRA was the most frequently non-amplified locus (9/206 isolates), followed by QUB4156 (6/206) and QUB11b (5/206). These results were treated as missing data. The four isolates with double alleles (three had double alleles at only one locus and one at two loci (Additional file 2: Table S1 )) were removed from the global analysis. Thus, the analyses were performed on 202 isolates. By using the results of the 24-locus MIRU-VNTR technique alone, the 202 isolates generated 173 profiles (152 unique profiles and 21 clusters). The 21 clusters contained 50 isolates (2-4 isolates per cluster; average: 2.4). Two clusters included four isolates, four clusters contained three isolates, and 15 were composed by two isolates.
Phylogenetic tree and cluster analysis
The Neighbor-Joining (NJ) tree built by combining the MIRU-VNTR and spoligotyping data for the 202 isolates clearly differentiated the Beijing clade from the other families (Additional file 1: Figure S1 ). Nineteen clusters including 43 isolates (2 to 4 isolates per cluster; average: 2.3 isolates per cluster) were showed (see Fig. 2 and Additional file 2: Table S1 ). The EAI, Beijing and T families were present in these clusters, accounted for 32, 9 and 2 isolates respectively and were grouped in 15, 3 and 1 cluster respectively (Table 3 ). Thirteen out of 15 EAI clusters and all 3 Beijing clusters could be geographically linked (isolates were either from patients living in the same village or district or provinces) (see Fig.  2 and Additional file 2: Table S1 ). Regarding drug resistant isolates, only one cluster of Beijing family (CN.18, Fig. 2 and Additional file 2: Table S1 ) contained three INH-resistant isolates. Finally, these data allowed calculating the overall clustering rate (11.9%) and the clustering rate for the Beijing, EAI and T families ( Table 3 ).
Discussion
M. tuberculosis families in Lao PDR
This is the first study on the genetic structure of the M. tuberculosis population in Lao PDR. First of all, a high proportion of orphan and unknown M. tuberculosis isolates (18.3%) was detected in our sample, probably because of the lack of previous genetic data. Indeed, in countries where many genetic studies have been already performed, the proportion of orphan isolates is lower, for instance 9.5% in Vietnam [10] , and 8.2% in China [24] . Conversely, the proportion of isolates belonging to minor families (T, H, CAS, LAM, and MANU) was lower in Lao PDR than in Myanmar and Vietnam (7.9% vs 15 and 23%, respectively) [8, 10] . Moreover, only one isolate belonged to the CAS family, which is totally absent in Cambodia and Vietnam [9, 10] . This result is in agreement with the reported low prevalence of CAS isolates in Southeast Asia, differently from South-Central Asia (56.5% in Pakistan, 26% in India) [25, 26] .
Our findings indicate that the M. tuberculosis population in Lao PDR is mainly composed of strains belonging to the EAI (76.7%) and Beijing (14.4%) families, similarly to neighboring countries but in different proportions. Indeed, in Cambodia and Myanmar, the EAI family is predominant (60 and 48.4% respectively), but the Beijing family also is highly prevalent (30, and 31.9%) [8, 9] . In Vietnam, the Beijing and EAI families represent 38.5%/each of the M. tuberculosis population (Beijing isolates were found particularly in urban areas with high population density, such as Hanoi and Ho Chi Minh) [10] . Conversely, in China, the Beijing family represents 74.1% of the M. tuberculosis population and was detected in all studied provinces, whereas only 0.03% of isolates belongs to the EAI family (only in Fujian province) [24] . The low proportion of Beijing isolates found in our study could be explained by the low population density (27 people per km 2 ) in Lao PDR and the fact that 67% of the Lao population live in rural areas [27] . Moreover, the distribution of the M. tuberculosis families was heterogeneous in the different provinces of Lao PDR. EAI family isolates were from all over the country, whereas Beijing isolates came mainly from the northern and central provinces (see Fig. 1 ).
In most of the biggest provinces (Luang Prabang, Vientiane Capital, Savannakhet), isolates belonged to different M. tuberculosis families, except in Champasack province where all isolates were identified as EAI ( Fig. 1 ). Concerning the EAI subfamilies, the proportion of EAI5 was two times higher in Lao PDR (69.0%) than in Cambodia (28.8%) and in Vietnam (30.6%). On the other hand, EAI4-VNM, which was mainly identified in Vietnam (65.9%), was less frequent (4.5%) and found only in the central provinces. These data suggest that EAI5 is the most ancient M. tuberculosis family circulating in Lao PDR. The long history of social-economic exchange with neighboring countries has undoubtedly favored the spread of specific genotypes in the country. The "4th Population and Housing Census" (PHC) of 2015 estimated the global number of migrants at 42,000 [27] . Most of them came from Thailand (37%), Vietnam (26%), China (23%), Myanmar (6%) and Cambodia (1%). Currently, Vientiane Capital hosts the largest proportion of migrants, and this could explain the high diversity of M. tuberculosis families (n = 5) observed in this province compared with most of the other provinces (0 to 4 families) ( Fig. 1 ). Migrants from China and Myanmar live mostly in northern provinces, those from Thailand are mainly in the central part of the country, and migrants from Vietnam are found in the center and in Attapeu province in the South [27] . The number of migrants from Cambodia (1%) is very low compared with those from other neighboring countries and they are distributed all over the country. These data could partly explain the distribution of the Beijing and EAI4-VNM subfamilies in Lao PDR and raise the question of the risk of a progressive invasion by Beijing strains, as previously observed in Vietnam [10] .
Genetic diversity and transmission of M. tuberculosis families in Lao PDR
To explore the genetic diversity of M. tuberculosis population in Lao PDR, 202 isolates were characterized by spoligotyping and MIRU-VNTR typing. The results revealed 178 genotypes, a result similar to the one reported for Cambodia (91 patterns in 105 isolates) and higher than that for Vietnam (153 genotypes for 221 isolates) [9, 10] . As expected, the EAI family was more diverse than the Beijing family (138 genotypes for 155 isolates vs 23 genotypes for 29 isolates). The 19 clusters grouped 43 isolates that belonged only to the three main families (EAI, Beijing and T). The overall clustering rate was 11.9%, reflecting a non-negligible level of recent transmission compared with high TB burden countries, such as Vietnam (16.3%) [10] and China (18.4%) [28] . Moreover, the Beijing family clustering rate was higher than the clustering rates of the other families (20.7% for Beijing vs 11.0% for EAI vs 9.1% for T), suggesting a potential association of the Beijing family in recent transmission cases, as demonstrated in many studies [10, [29] [30] [31] . Nevertheless, it is worth noting that the combination of 24 Loci MIRU-VNTR and spoligotyping can lack discrimination (only the whole genome sequencing can give us the real genotype of each isolate) making possible that some clusters include slightly different genotypes. This lack of discrimination can lead to a global overestimated clustering rate in our study. However, the large difference observed between the families (20.7% for Beijing vs 11.0% for EAI vs 9.1% for T) supports the hypothesis that Beijing, as demonstrated in many studies, might be associated with recent transmission than the other families in Laos. EAI isolate predominance, higher diversity and lower clustering rate compared with the Beijing family reinforce the hypothesis that the EAI family (specifically the EAI5 sub-family) is the more ancient M. tuberculosis family in Lao PDR. Most isolates in clusters (16 of the 19 clusters, and 37 of the 43 clustered isolates) were geographically linked, reflecting the occurrence of recent transmissions. Clusters were mainly observed in the northern and southern provinces, and mostly in rural area. Surprisingly, no cluster was observed in the capital city. This could be explained by the global low population density in cities and the higher patients' recruitment in rural areas than in urban areas in our study.
Epidemiological consideration and drug resistant TB
The proportion of the two main families was significantly different in function of the age group, region of origin and drug-resistant status. [10] . Finally, despite the low prevalence of drug resistance in Lao PDR, the Beijing family was more represented among drug-resistant isolates, as previously reported in Cambodia, Vietnam, and China [9, 10, 32] . The Beijing isolates in clusters were geographically linked and one of the three Beijing clusters included drug-resistant isolates (see Fig. 2 and Additional file 2: Table S1 ). These findings underline the risk of Beijing strain expansion in Lao PDR and consequently the increasing risk of primary drug resistance in recent transmission.
Conclusion
This study provides the first genetic insights into the M. tuberculosis population in Lao PDR. The presence of the main families detected in neighboring countries, particularly the EAI and Beijing families, and the 11% of recent transmission rate show that TB represents a challenge in Lao PDR. Although, the EAI family is predominant, the diversity of families observed in big cities (Vientiane, Luang Prabang, Khammuane and Savannhaket) highlights the risk of transmission of other families than EAI in the country. Although the Beijing family prevalence is still low, its presence mainly in the northern and central provinces, its association with drug resistance and its potential high involvement in recent transmission (clustering rate = 20% based on the combination of spoligotyping and 24 loci MIRU-VNTR) indicate that this family may change TB epidemiological pattern in Lao PDR. This underlines the need to continue and reinforce the effort to maintain an efficient TB control and surveillance system in order to prevent the emergence of highly transmissible and drug-resistant strains in Lao PDR, as observed in neighboring countries.
Additional files
Additional file 1: Figure S1 . Neighbor joining tree based on the MIRU-VNTR and spoligotyping data showing the genetic relationships of 202 M. tuberculosis isolates from Lao PDR (PDF). From left to right: i) Neighbor joining tree based on the 24-locus MIRU-VNTR and spoligotyping data for the 202 isolates built using the MIRU-VNTRplus analysis tool; ii) Number of repetitions of each VNTR according to the nomenclature by Supply et al. 2006 ); and iii) 43-spacer spoligotypes: black spots indicate the presence and white spot the absence of the 1-43 spacers (according to the numbering by Van Embden et al. 2000 [23] ). Yellow squares, Beijing clusters; orange squares, EAI clusters; dark pink, T clusters. (PDF 7484 kb) Additional file 2: Table S1 . Complete data (clinical, epidemiological, demographic and genetic data) for the 222 Mycobacterium tuberculosis isolates included in this study. (XLSX 71 kb) 
